To describe and investigate covariate effects of cerebrospinal fluid (CSF) amikacin pharmacokinetics in neonates, CSF samples were prospectively collected from neonates in whom amikacin had been initiated before a diagnostic lumbar puncture was performed. CSF analysis (amikacin concentration, white blood count, glucose content, protein concentration) and amikacin therapeutic drug monitoring results (peak and trough concentrations) in serum were recorded. Correlations (Spearman rank) between CSF amikacin concentration and CSF white blood count (WBC), glucose and protein concentration were investigated. 
Introduction
The incidence of early-onset bacterial infection in the neonate varies from 0.5% to 1% of the total number of deliveries, but is significantly higher in preterm neonates where infection is causally linked with premature delivery in about 50 % of cases (14) . Late-onset, nosocomial bacterial infections occur in a significant number of preterm and term neonates during their stay in the neonatal intensive care unit. Bacteraemia, pneumonia, necrotizing enterocolitis and meningitis are the most frequent loci of infection in neonates. Empiric treatment for suspected infection in early neonatal life consists of combination therapy based on a time-dependent (beta-lactamases) and a concentration dependent (aminoglycoside) antibiotic coverage (e.g. Streptococcus agalacticae, Escherichia coli) while in late neonatal life coagulase negative Staphylococcus should also be covered.
The bactericidal effectiveness of amikacin is linked to intermittent, discontinuous peak concentrations, while renal side effects and ototoxicity relate to the average serum concentration that contributes to saturation of renal and cochlear cell binding sites. The combination of bactericidal effect and toxicity data has resulted in the concept of administration of relative larger doses with extended dosing intervals between consecutive doses. The safety and effectiveness of extended interval dosing of aminoglycosides in neonates has been reviewed (19) . After the first days of postnatal life, size, postmenstrual age (PMA), renal function and ventilation contribute to renal drug clearance variability in neonates and subsequent serum concentration (1, 2, 3) .
The effectiveness of amikacin for meningitis depends on concentrations in the central nervous system and this compartment is separated from the blood by the blood-brain barrier (BBB). Access of aminoglycosides to the central nervous compartment is limited in healthy children and adults (8, 26, 28) , but CSF aminoglycoside exposure after systemic administration is more extended in children with meningitis than those without meningitis (24) . Correlations between antibiotic concentration and CSF glucose, CSF leukocytosis or protein concentrations have been investigated (12, 13, 15, 26, 27) . Ototoxicity relates to the mean aminoglycoside concentration in the central nervous system compartment but genetic predisposition to develop aminoglycoside-related ototoxicity has also been documented (4, 10, 17, 23) .
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Observations on maturational amikacin CSF disposition in neonates are therefore of relevance (17, 19) .
However, data on amikacin CSF concentrations are limited in neonates and amikacin CSF timeconcentration profiles in preterm neonates have not been reported (9) . In the current paper, timeconcentration profiles of amikacin in serum and single CSF samples were collected to describe the relationship between serum and CSF concentration and to explore the impact of CSF inflammatory markers (leuko-, gluco-and protidorhachia) on this relationship during the first month of postnatal life in a cohort of (pre)term neonates.
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Methods
Clinical characteristics and data reporting
From June 2005 until May 2007, CSF samples were prospectively collected from neonates in whom amikacin had been initiated before a diagnostic lumbar puncture was performed. Although this approach is debatable, lumbar puncture is often not performed as part of the initial neonatal sepsis evaluation (14) . A CSF sample for amikacin concentration assay was taken when a lumbar puncture was performed for clinical indications, i.e. to exclude or document meningitis as judged by the attending neonatologist. Informed consent of the parents for the additional amikacin concentration assay of the CSF sample and for the study-related registration of clinical data was obtained. 
Population pharmacokinetics
A two-compartment (central and CSF) linear model was used to fit PK data. Population parameter estimates were obtained using non-linear mixed effects modelling (NONMEM) (21) . This model accounts for population parameter variability (between and within subjects) and residual variability (random effects) as well as parameter differences predicted by covariates (fixed effects). The population parameter variability in model parameters was modelled by a proportional variance model.
A proportional term was used to characterise the residual unknown variability. The population mean parameters, between subject variance and residual variance were estimated using the first order conditional interaction estimate method differential equations using ADVAN6 TOL5 of NONMEM V. Where ratein is the rate of amikacin administration (mg/h), CL is total body clearance (L/h), V is the volume of distribution (L) and Cserum is the concentration in the serum. The second compartment was used to model CSF concentration (Ccsf). These two compartments were linked using an equilibration rate constant (Keq). A partition coefficient (PC) was used to describe the ratio between CSF and serum concentration at steady-state concentration
The rate constant Keq can be described using an equilibration half time (Teq)
The population parameter variability is modelled in terms of random effect (η) variables. Each of these variables is assumed to have mean 0 and a variance denoted by ω 2 , which is estimated. We report the estimate of ω for each variability component. The covariance between two elements of η (e.g. CL and V) is a measure of statistical association between these two variables. Their covariance is related to their correlation i.e. week PMA neonate given amikacin 17 mg/kg is shown in Figure 7 .
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Discussion
A parameter describing the amikacin half time between serum and CSF compartments (Teq) in neonates was estimated (7.58 h, CV 49.1 %) and subsequently used to investigate the impact of covariates on CSF permeability. We hypothesized to find two distinct Teq group: short Teq implying rapid movement of drug across the BBB and a long Teq suggesting limited permeability, dependent on the meningeal inflammation. This hypothesis was not confirmed since we were unable to link this Teq parameter to any biochemical indicator of meningeal inflammation or meningitis.
A single intramuscular administration of amikacin 75 mg resulted in CSF concentrations below 0.5 mg/L for up to 8.5 hours in healthy adults (7) while Yow et al. documented that amikacin concentrations were between < 0.2 and 2.7 mg/L in 10 neonates following intravenous administration of 10 mg/kg amikacin (28) . In an attempt to reduce the number of inconclusive assay results below the lower limit of quantification, a specific HPLC method with a lower limit of quantification for amikacin of 0.06 mg/L was used in the current study (29) . Such an approach allowed investigation of amikacin disposition at the anticipated low concentrations. Based on this HPLC method, a median amikacin CSF concentration 1.08 mg/L (range 0.34-2.65 mg/L) was documented in neonates, but the absence of any correlation between markers of CSF inflammation and Teq are in contrast to other reports in children and adults where CSF amikacin concentrations appear increased in the presence of meningitis (7, 8, 13, 24, 26, 28) .
We did note a correlation between the amikacin CSF concentration and the CSF protein content (Figure 1 ), but are uncertain about the significance of this finding since CSF protein concentration also displays age-dependent differences. Mean CSF protein concentration is 900 mg/L in term and 1150 mg/L in healthy preterm neonates, with a PMA dependent decrease in mean CSF protein concentration in former preterm neonates from 1770 mg/L at 26-28 to 1170 mg/L at 38-40 weeks PMA (25) while amikacin clearance increases with increasing PMA (1,2,9 ). In the current cohort of preterm and term neonates, we also were able to document a significant inverse correlation between CSF protein and PMA ( r = -0.36, 95 % CI -0.59 to -0.07, p < 0.05). Consequently, we might expect higher concentrations in younger infants because more amikacin is available in serum to cross the BBB independent of maturational or disease related aspects of this barrier. We can only speculate why the amikacin Teq correlates poorly with CSF WBC, glucose or protein concentration in neonates in contrast to observations in children (5, 14) , but the absence of robust covariates for Teq in neonates in is line with the cohort of 9111 neonates in whom culture proven meningitis was neither diagnosed nor reflected accurately by CSF glucose or by CSF protein (14) .
A C C E P T E D
Blood and CSF glucose levels are relatively lower in neonates and there is a more blunted distressrelated surge in glycaemia and as mentioned earlier, the protein content of CSF in neonates is higher compared to children in the absence of inflammation (25) . The additional meningitis-related increase in protein content of the CSF may be less robust in neonates when compared to children (5, 14) .
In the current study, CSF samples were taken when neonates were already treated with antibiotics.
This was a specific pre-requisite for inclusion in this pharmacokinetic study. It is to be anticipated that such an approach results in a more limited number of positive bacterial CSF cultures, but the clinical practice not to routinely perform lumbar puncture before initiation of antibiotics when the a priori risk for a meningitis is perceived to be low or when the clinical condition of the patient necessitates an additional delay before CSF sampling has been reported in literature (14) .
The number of CSF observations (n = 44) is the largest cohort of data reported in neonates.
Consequently, we were able to investigate the partition coefficient. Studies in rabbits suffering meningitis after intracisternal injection of Escherichia coli suggest a PC of 0.1-0.23 at 8 h, but this ratio increased with time over the study period (22) . These rabbit data are consistent with our own finding of a PC of 0.103. The Teq of 7.58 h suggests the mean peak CSF concentration will rise from
on September 23, 2017 by guest http://aac.asm.org/ Downloaded from 1.5 mg/L after the first dose ( Figure 7 ) to a mean peak concentration of 2.5 mg/L in the CSF after 3 doses of systemic amikacin. A higher mean amikacin serum/CSF ratio of 3:1 has been reported from one CSF sample taken up to 7 hours after dose in children with bacterial meningitis (24) . This ratio, however, may change at different stages of the illness.
The current observations on amikacin CSF disposition in neonates are also of relevance to assess potential risk factors for ototoxicity related to CSF disposition of this drug (17, 19) . Ototoxicity relates to the average concentration that contributes to saturation of cochlear cell binding sites (4) and the antibiotic penetration of the middle ear with inflammation is increased and this increased permeability may also contribute to hearing loss after meningitis (20) . Epidemiologic studies in cohorts of neonates in whom aminoglycosides were administered for a variety of infectious diseases could not document an independent impact of this drug when an extended time interval approach was used (4, 6, 10, 17) . In contrast, meningitis is a well know risk factor for ototoxicity (6, 11) .
The current observations with the absence of any link between the amikacin Teq and indicators of meningitis in neonates, suggest that the ototoxicity after meningitis relates more to the disease process itself than to an enhanced amikacin permeability of the blood-brain barrier. The longer Teq estimates result in progressive increase in amikacin CSF concentration during repeated administration in (pre)term neonates while the age-dependent higher concentrations in both amikacin and CSF protein ( Figure 1 ) suggest that aminoglycoside-dependent ototoxity is more likely to occur in preterm neonates. Based on these pharmacokinetic observations, it is to be anticipated that preterm neonates after repeated dose administration are most likely to develop aminoglycoside mediated ototoxicity. 
